Background: Volatile anesthetics have a dual effect on cell survival dependent on caveolin expression. The effect of volatile anesthetics on cancer cell survival and death after anesthetic exposure has not been well investigated. The authors examined the effects of isoflurane exposure on apoptosis and its regulation by caveolin-1 (Cav-1). Methods: The authors exposed human colon cancer cell lines to isoflurane and proapoptotic stimuli and assessed what role Cav-1 plays in cell protection. They evaluated apoptosis using assays for nucleosomal fragmentation, cleaved caspase 3 expression, and caspase activity assays. To test the mechanism, they used pharmacologic inhibitors (i.e., pertussis toxin) and assessed changes in glycolysis. Results: Apoptosis as measured by nucleosomal fragmentation was enhanced by isoflurane (1.2% in air) in HT29 (by 64% relative to control, P Ͻ 0.001) and decreased in HCT116 (by 23% relative to control, P Ͻ 0.001) cells. Knockdown of Cav-1 in HCT116 cells increased the sensitivity to apoptotic stimuli but not with scrambled small interfering RNA (siRNA) treatment (19.7 Ϯ 0.4 vs. 20.0 Ϯ 0.6, P ϭ 0.7786 and 19.7 Ϯ 0.5 vs. 16.3 Ϯ 0.4, P ϭ 0.0012,
isoflurane vs. control in Cav-1 small interfering RNA vs. scrambled small interfering RNA treated cells, respectively). The protective effect of isoflurane with various exposure times on apoptosis was enhanced in HT29 cells overexpressing Cav-1 (P Ͻ 0.001 by two-way ANOVA). Pertussis toxin effectively blocked the antiapoptotic effect of isoflurane exhibited by Cav-1 in all cell lines. Cav-1 cells had increased glycolysis with isoflurane exposure; however, in the presence of tumor necrosis factor-related apoptosis-inducing ligand, this increase in glycolysis was maintained in HT29-Cav-1 but not control cells. Conclusion: Brief isoflurane exposure leads to resistance against apoptosis via a Cav-1-dependent mechanism.
V OLATILE anesthetics have effects on cell death and survival. Isoflurane, one of the most commonly used volatile anesthetics, has been shown to induce apoptosis in different cell types, where anesthetic exposure leads to neuronal cell death via apoptosis in the developing rodent brain, and prolonged isoflurane has been reported to induce apoptosis in cancer cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Volatile anesthetics have been shown to have effects on tumorigenesis and natural killer cell activity 13 ; however, direct effects of volatile anesthetics on the ability to modulate the efficacy of chemotherapeutic agents has not been examined.
Isoflurane may induce apoptosis through Bcl-2 family proteins, mitochondrial reactive oxygen species-associated apoptosis, or by causing abnormal calcium release from the endoplasmic reticulum via excessive activation of inositol trisphosphate receptors. 12, 14 In contrast, brief isoflurane ex-posure to adult neurons results in protection against subsequent ischemia-reperfusion injury. 15, 16 Volatile anesthetics also protect the heart from ischemia-reperfusion injury. Importantly, we have shown that protection in both the neuronal and cardiac system is caveolin-dependent. [17] [18] [19] [20] Caveolins are structural components of caveolae, which are small membrane invaginations also enriched in glycosphingolipids and cholesterol. 21, 22 Three isoforms of caveolin, caveolin (Cav)-1, -2, and -3, exist within caveolae and interact with signaling molecules via a scaffolding domain to regulate a variety of cellular signaling processes. In nonmuscle tissues, Cav-1 is considered to be the predominant isoform. The expression of Cav-1 is increased in highly metastatic prostate cancer cell lines 23 and in multidrugresistant cancer cells. 24 Given the role of caveolin in anestheticinduced protection, the potential exists that caveolin status (i.e., presence or lack of caveolin expression) may be an important clinical determinant of the response of cancer cells to volatile anesthetics and subsequent postoperative anticancer therapy. Therefore, we sought to clarify the role of Cav-1 in regulating tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis after isoflurane exposure in colon cancer cell lines.
Materials and Methods

Reagents
Reagents were purchased from the following suppliers: polyclonal antibody to Cav-1, polyclonal antibody to actin (I-19), human Cav-1 siRNA, Control siRNA-A, and siRNA, Transfection Medium, Santa Cruz Biotechnology (Santa Cruz, CA); polyclonal antibody to cleaved caspase 3 and caspase 3, Cell Signaling (Danvers, MA); recombinant human TRAIL/Apo2 l, PeproTech Inc. (Rocky Hill, NJ); Lipofectamine 2000 and Opti-MEM Reduced Serum Medium, Invitrogen (Carlsbad, CA); and G418 Solution, Roche Diagnostics (Mannheim, Germany).
Cell Lines
We purchased human colon cancer cell lines, HCT116 and HT29, from ATCC (Rockville, MD). Both cell lines were cultured in McCoy's 5a medium containing fetal bovine serum (10%), and penicillin/streptomycin (1%) in a 95% air, 5% CO 2 humidified atmosphere at 37°C. Stably transfected HT29 cells were supplemented with 800 g/ml G418.
Isoflurane Exposure and Treatment with Recombinant
Human TRAIL/Apo2 l Cancer cells were plated on 6-or 12-well plates, allowed to incubate overnight, and then subjected to various experimental conditions at 37°C. After reducing the media volume in each well to 0.5 ml for 12-well plates or 1 ml for 6-well plates, respectively, cells were exposed to air vehicle with or without isoflurane at 2 l/min in a metabolic chamber (Columbus Instruments, Columbus, OH) for varying times. Immediately after isoflurane exposure, cells were treated with media containing TRAIL/Apo2 l (TRAIL) at the indicated final concentrations for 24 h. During the isoflurane exposure, the isoflurane concentration was verified continuously by sampling exhaust gas with a Datex Capnomac (SOMA Technology Inc., Cheshire, CT). Initial studies were done to determine concentration response of isoflurane (0.6, 1.2, or 2.4%), and all subsequent experiments were done with 1.2% isoflurane.
A subset of cells were also pretreated with an inhibitory G-protein-coupled receptor inhibitor, pertussis toxin (200 ng/ml; Sigma; Saint Louis, MO) for 2 h, before isoflurane and TRAIL exposure.
Detection of Apoptosis
After the 24-h treatment with TRAIL, apoptosis was quantified by nucleosomal fragmentation (Cell Death Detection ELISA PLUS; Roche Applied Science, Indianapolis, IN).
The absorbance values were normalized to those from control-treated cells to derive a nucleosomal enrichment factor at all concentrations, according to the manufacturer's protocol.
Plasmid Vector Constructs and Generation of Stable Cell Lines
Mouse Cav-1 (456bp) sequence was cloned into an expression vector pEGFP-N1 (CLONTECH Laboratories, Inc., Palo Alto, CA), and enhanced green fluorescent protein sequence was deleted. The original vector containing enhanced green fluorescent protein was used as a control. Cells (5 ϫ 10 5 /well) were seeded on 24-well plates without antibiotics and cultured overnight. The next day, 0.8 g pEGFP-N1 or pEGFP-N1-Cav-1 (enhanced green fluorescent protein deleted) plasmid was transfected into HT29 cells using 2 l Lipofectamine 2000 in Opti-MEM Reduced Serum Medium following the manufacturer's instructions. Transfected cells were selected with G418 at 800 g/ml for 4 weeks, and the expression of Cav-1 protein in selected cell clones was determined by Western blotting.
Small Interfering RNA and Transient Transfection
HCT116 cells were transfected with commercially available Cav-1 siRNA following the manufacturer's protocol. In brief, 1 day before transfection, 2 ϫ 10 5 cells per well in 6-well plates were seeded in McCoy's 5a medium without antibiotics and incubated until 60ϳ80% confluence for optimum transfection. After the cells were washed, they were transfected with Cav-1 siRNA or control siRNA-A diluted to 30 nM/l in transfection medium for 7 h, after which normal medium containing 20% fetal bovine serum and 2% penicillin-streptomycin was added. The transfected cells were maintained for 48 h and then used for additional analysis.
Immunoblot Analysis
Cell lines were first trypsinized (5 min) and then pelleted at 1,000 rpm. Cells were then lysed in 150 mM NaCO 3 pH 11.0. Protein concentration was quantified via Bradford re-agent (BioRad; Hercules, CA) and analyzed via spectrophotometry at wavelength of 595 nm on a Infinite M200 plate reader (Tecan; San Jose, CA).
Protein was separated by 10% polyacrylamide precast gels (Invitrogen) and transferred to a polyvinylidene difluoride membrane by electroelution. Membranes were blocked in tris-buffered saline and 1% Tween containing 3% bovine serum albumin solution and incubated with primary antibody (1:2,000 dilution) overnight at 4°C. Bound primary antibodies were visualized using secondary antibodies (1: 5,000 dilution) conjugated with horseradish peroxidase from Santa Cruz Biotechnology and enhanced chemiluminescent reagent from Amersham Biosciences (Piscataway, NJ). All displayed bands migrated at the appropriate size, as determined by comparison to molecular weight standards (Santa Cruz Biotechnology).
Quantitative Caspase 3 Activity Assay
Caspase 3 activity was detected by using the Caspase 3/CPP32 Colorimetric Assay Kit (Biovision, Palo Alto, CA) according to the manufacturer's instructions. Briefly, 1 ϫ 10 6 cells were counted and incubated with 50 l chilled lysis buffer on ice for 10 min. After 10,000g centrifugation, supernatant was collected. Protein (150 g) in a total volume of 50 l was added to 50 l 2ϫ reaction buffer and 5 l N-Acetyl-Asp-Glu-Val-Asp-pNA substrate (200 M final concentrations). After incubation (1-2 h, 37°C), N-Acetyl-Asp-Glu-Val-Asp-pNA cleavage was monitored by detecting enzyme-catalyzed release of pNA at 405 nm using a microplate reader.
Analysis of Intact Cell Respiration Using a Seahorse XF96 Analyzer
HT29 cells were plated in growth media at 4 ϫ 10 4 cells/well in polystyrene XF96 Seahorse (Seahorse Bioscience, Billerica, MA) plates the day before experimentation. Cells were then exposed to designated experimental conditions. One hour before analysis, which was performed essentially as suggested by the manufacturer, the growth media was changed to unbuffered Dulbecco modified eagle medium supplemented with 10 mM glucose, 10 mM sodium pyruvate, and 2 mM glutamine. Endogenous rates of respiration and extracellular acidification were measured, followed by addition of 2 M oligomycin to obtain state 4 rates, and then 300 nM FCCP (carbonyl cyanide 4-[trifluoromethoxy]phenylhydrazone) to obtain maximal rates.
Quantitative Real-time Polymerase Chain Reaction Analysis
Total RNA was isolated from cell lines using an RNeasy Mini Kit (Qiagen, Valencia, CA). First-strand complementary DNA synthesis (iScript complementary DNA synthesis kit; Bio-Rad, Hercules, CA) was performed using random hexamers on 1-2 g total RNA. The concentration of complementary DNA was determined via NanoPhotometer Pearl (Implen; Westlake Village, CA) and adjusted to 50 ng/l for real-time polymerase chain reaction analysis, which was performed on a BioRad CFX96 C1000 cycler in duplicate using the IQ SYBR Green Supermix (Bio-Rad) with 100 ng complementary DNA and 1ϫ forward/reverse primer mix in 20 l final reaction volume. Human BCL2, Caspase 3 and 8, actin, and Fas QuantiTect Primers (Qiagen) were used. Thermal cycler conditions were as follows: 94°C 10 min (1 cycle); 94°C 20 s, 55°C 20 s, and 72°C 30s (40 cycles). The resulting polymerase chain reaction products were confirmed by melt curve analysis. Analysis of cycle threshold was performed using CFX Manager software (Bio-Rad); normalized values were obtained for each group by subtracting matched actin cycle threshold values.
Statistical Analysis
GraphPad Prism 4 software (GraphPad Software, Inc., San Diego, CA) was used for all statistical analysis. Statistical analyses were performed by unpaired Student t test (twotailed testing), one-way ANOVA followed by a Bonferroni Fig. 1 . The effects of brief isoflurane exposure in the human colon cancer cell lines HCT116 and HT29. Cav-1 is upregulated in HCT116 cells and down-regulated in HT29 cells. Actin was used as a loading control (A). Cells were exposed to isoflurane (1.2%, 30 min) and enrichment factor, a measure for apoptosis, was evaluated at 0, 6, and 24 h after treatment with isoflurane (B). Brief isoflurane alone did not show proapoptotic effect at any time point relative to vehicle (five independent experiments were performed). Cav-1 ϭ caveolin-1.
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post hoc test, and two-way ANOVA (where the factors in the analysis were time of exposure and exposure stimulus with and without TRAIL or were treatment to analysis under basal and oligomycin treatment on the Seahorse machine). None of the two-way ANOVA analyses were repeated measures. All data are expressed as mean Ϯ SD. Statistical significance was defined as P Ͻ 0.05. Individuals making all endpoint measurements were blinded to identification of treatment group.
Results
Isoflurane Exposure Does Not Induce Apoptosis in Cancer Cell Lines with Variable Expression of Cav-1
We confirmed the expression of Cav-1 protein in the human colon cancer cell lines HCT116 and HT29. Immunoblots revealed that Cav-1 protein was highly expressed in HCT116 cells but not HT29 cells ( fig. 1A ). HCT116 and HT29 cells were exposed to isoflurane (1.2%) for 30 min, and then apoptosis was evaluated at 0, 6, and 24 h after treatment. Isoflurane exposure did not enhance apoptosis at any time point compared with the vehicle (air) in either cell type ( fig. 1B ).
Isoflurane Protects HCT116 Cells from TRAIL-induced Apoptosis
We examined the effects of isoflurane exposure on cell survival using TRAIL-induced apoptosis to mimic the cellular response to chemotherapy ( fig. 2A ). HCT116 (Cav-1 expressing) cells were treated with different concentrations of isoflurane (0, 0.6, 1.2, 2.4%) for 30 min and then treated with TRAIL for 24 h (fig. 2B ). In HCT116 cells, isoflurane pretreatment protected against TRAIL-induced apoptosis, with isoflurane (1.2%) being optimal ( fig. 2B ) and a potential biphasic effect, where toxicity may be likely at 2.4%. Western blot analysis also revealed a significant decrease in cleaved caspase 3 expression ( fig. 2C ). Caspase 3 activity was also significantly less after isoflurane (1.2%) and TRAIL, verifying the protective effects of the anesthetic (fig. 2D ).
Knockdown of Cav-1 Reverses Isoflurane-induced Protection from TRAIL-induced Apoptosis in HCT116 Cells
To explore the relationship between Cav-1 expression and isoflurane protection from TRAIL-induced apoptosis, we knocked down Cav-1 in HCT116 cells that normally have high caveolin expression. Cav-1 siRNA reduced the expres- Human colon cancer HCT116 cells that express high basal levels of caveolin-1 (Cav-1) are protected against tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis after isoflurane exposure. Schematic illustration of experimental protocol using TRAIL (A). HCT-116 cells were treated with air (vehicle) or air with isoflurane (0.6, 1.2, or 2.4% vol/vol) for 30 min, followed by treatment with TRAIL for 24 h before Western blot analysis and caspase 3 activity assay. Isoflurane reduced DNA fragmentation at 0.6 and 1.2%. However, these protective effects were not observed at 2.4% (n ϭ 6 for all groups except Air and 1.2%, which was n ϭ 9) (B). Western blot analysis after 30 min exposure of isoflurane (1.2%) revealed no effect on cleaved caspase 3 (Cl-Caspase 3; major product of apoptosis) in the absence of TRAIL. However, in the presence of isoflurane and TRAIL, Cl-Caspase 3 was significantly decreased (C). Western blot results were verified by a quantitative caspase 3 activity assay (n ϭ 5) (D). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
Isoflurane and TRAIL-induced Apoptosis in Cancer sion of Cav-1 at 72 h after transfection to 50% of basal and scrambled siRNA control ( fig. 3A ). Because these are highly proliferative cells, we were unable to observe a reduction in Cav-1 expression of less than 50%. In HCT116 cells treated with scrambled siRNA, we continued to observe isofluraneinduced protection against TRAIL-induced apoptosis, whereas this protection was lost in Cav-1 siRNA-treated cells ( fig. 3 , B and C). Similar effects for scrambled and Cav-1 siRNA were observed with respect to cleaved caspase 3 expression and activity ( fig. 3 , D and E).
Stable Expression of Cav-1 in HT29 Cells Confers Protection from TRAIL-induced Apoptosis after Isoflurane Exposure
HT29 cells (which express virtually no Cav-1) when exposed to isoflurane are sensitive to TRAIL-induced apoptosis ( fig.  4A ). To address mechanisms for the role of Cav-1 in protection by isoflurane in TRAIL-induced apoptosis, HT29 cells were genetically engineered to stably express Cav-1 ( fig. 4B ). As a control, HT29 cells stably expressing enhanced green fluorescent protein were generated (HT29-GFP). HT29- Fig. 3 . Caveolin-1 (Cav-1) knockdown in HCT-116 cells abolishes protection against tumor necrosis factor-related apoptosisinducing ligand (TRAIL). Cav-1 expression was decreased ϳ50% from basal levels 72 h after the small interfering RNA (siRNA) transfection (n ϭ 4 for scrambled siRNA and n ϭ 3 for Cav-1 siRNA). *P Ͻ 0.05 (A). HCT116 cells treated with control scrambled siRNA were still resistant to TRAIL-induced apoptosis after isoflurane (n ϭ 5) (B). However, Cav-1 knockdown reversed this effect (n ϭ 5) (C). Western blot analysis and caspase activity assays confirmed these findings and revealed attenuated caspase 3 activation in cells treated with scrambled siRNA and exposed to isoflurane and TRAIL, but this protective effect was attenuated by Cav-1 siRNA (n ϭ 5) (D and E). *P Ͻ 0.05. Iso ϭ isoflurane.
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Cav-1 cells had increased messenger RNA expression of BCL2, an antiapoptotic gene, after isoflurane exposure compared with HT29-GFP control cells ( fig. 4C ), but no increase in pro-apoptotic gene expression (data not shown). HT29-GFP cells were not protected against TRAIL-induced apoptosis; however, stable expression of Cav-1 in HT29 cells resulted in protection against TRAIL-induced apoptosis with increasing exposure time to isoflurane to 2 h ( fig. 4D ). Cleaved caspase 3 expression and activity also were reduced in HT29-Cav-1 relative to GFP-expressing cells ( fig. 4, E and F) .
Cav-1-and Isoflurane-induced Protection against TRAIL-induced Apoptosis Is Mediated by Heterotrimeric G-proteins
To investigate a potential mechanism of isoflurane-induced protection observed in HCT116 and HT29-Cav-1 cells, an inhibitor of inhibitory G-protein-coupled receptors, pertus-sis toxin, was added to cell media before isoflurane exposure. Pertussis toxin had no effect on both cell lines in the absence of TRAIL. However, in the presence of TRAIL, pertussis toxin was effective at inhibiting isoflurane-induced protection in HCT116 cells after isoflurane exposure ( fig. 5A ).
Isoflurane enhanced TRAIL-induced apoptosis in HT29-GFP cells, which express low basal levels of Cav-1. Pertussis toxin administration further enhanced TRAIL-induced apoptosis after isoflurane ( fig. 5B ). In HT29-Cav-1 cells, the protective effect of isoflurane observed with Cav-1 expression was abolished by pertussis toxin (fig. 5C ).
Cav-1 Enhances Glycolysis in Response to Isoflurane and TRAIL in HT29 Cells
Enhanced glycolysis is a mechanism that allows cancer cells to survive under hypoxic conditions. 25 To further explore a potential role of enhanced glycolysis versus oxidative phos- Fig. 4 . Isoflurane sensitizes colon cancer HT29 cells (low caveolin-1 [Cav-1] expressing) to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis, but Cav-1 overexpression effectively protects against TRAIL. HT29-Cav-1 cells are sensitized to isoflurane exposure, resulting in increased DNA fragmentation with increased isoflurane concentrations (n ϭ 6 for all groups except basal and 0.6%, which was n ϭ 9) (A). Stable HT29 cells expressing enhanced green fluorescent protein (HT29-GFP) and caveolin-1 (HT29-Cav-1) cells were cloned (n ϭ 4) (B). Real-time polymerase chain reaction revealed that HT29-Cav-1 cells had nearly a 2.5-fold increase in the antiapoptotic gene BCL2 6 h after a 30-min exposure to isoflurane (n ϭ 4) (C). Isoflurane continued to sensitize HT29-GFP cells to TRAIL-induced apoptosis over 2 h. However, HT29-Cav-1 cells showed significant protection against TRAIL at all time points. These results were confirmed via Western blot analysis for Cl-caspase 3 and caspase 3 activity, which revealed enhanced protection in HT29-Cav-1 cells (n ϭ 5 for all groups) (D, E, and F). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
Isoflurane and TRAIL-induced Apoptosis in Cancer phorylation in Cav-1's role in isoflurane protection from TRAIL-induced apoptosis, we investigated glycolysis and respiration after isoflurane and TRAIL in HT29-Cav-1 cells. As a measure of glycolysis, we assessed the extracellular acidification rate in the presence and absence of oligomycin to inhibit adenosine triphosphate synthase. As a measure of cellular respiration, we assessed the oxygen consumption rate. HT29-Cav-1 cells showed enhanced glycolysis after isoflurane and TRAIL compared with untreated cells, and no differences were observed in oxygen consumption rate ( fig.  6A and 6B) .
Discussion
In the current study, we observed three novel findings: (1) exposure of certain cancer cells to isoflurane can result in sensitization to TRAIL-induced apoptosis via a G-proteincoupled receptor mechanism, (2) the expression of Cav-1 in cancer cells alters glycolysis and determines whether the cell can be sensitized by isoflurane to TRAIL-induced apoptosis, and (3) manipulation of Cav-1 expression within the cancer cell can influence the apoptotic response to TRAIL after isoflurane exposure. This is the first study to describe the effects of isoflurane pretreatment on subsequent chemotherapy.
Volatile anesthetics used in the clinical management of anesthesia have beneficial or adverse secondary effects dependent on the cell type or developmental stage of the cell. Recently, the fact that anesthetic exposure leads to neuronal apoptotic cell death in the developing rodent brain [2] [3] [4] [5] 7, 12 has raised concerns regarding the safety of pediatric anesthesia, although the mechanisms by which anesthetics produce neuronal death are not well understood. In addition, the use of volatile anesthetics in anesthesia for cancer patients has been discussed. 26 In the clinical setting, the choice of the anesthetic technique may affect metastatic capability and growth of preexisting tumor cells in cancer patients. In fact, several retrospective studies have reported an association between anesthetic technique and risk of cancer recurrence. [27] [28] [29] [30] However, clinical studies in humans are difficult to carry out because of numerous variables and the Fig. 5 . Signaling through inhibitory G-protein-coupled receptors is essential to caveolin-1 (Cav-1)-dependent isoflurane-induced protection against tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis. HCT116 cells were incubated with 200 ng/ml pertussis toxin (PTX) for 2 h before isoflurane exposure. PTX inhibited isoflurane-induced protection (A). HT29-green fluorescent protein (HT29-GFP) cells conferred no protective effect, and PTX enhanced DNA fragmentation in the presence of TRAIL (B). Similar to HCT116 cells, the protection observed in HT29-Cav-1 cells was abolished by PTX (n ϭ 5 for all groups) (C). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
Fig. 6.
Caveolin-1 (Cav-1) maintains isoflurane-mediated glycolysis after tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). Extracellular acidification rate, a measure of glycolysis, and oxygen consumption rate were assessed in HT29-GFP cells. Isoflurane exposure increased extracellular acidification rate basally and after oligomycin but not after TRAIL. No differences were observed in oxygen consumption rate (A). Extracellular acidification rate and oxygen consumption rate were measured in HT29-Cav-1 cells. Isoflurane exposure increased the extracellular acidification rate basally and after oligomycin. This increased glycolysis was maintained after TRAIL in HT29-Cav-1 cells. No differences were observed in oxygen consumption rate (n ϭ 10 for all groups) (B). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. ECAR ϭ extracellular acidification rate; GFP ϭ green fluorescent protein; Iso ϭ isoflurane; OCR ϭ oxygen consumption rate.
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multiple drugs to which patients are exposed. Recent studies have reported that isoflurane may induce apoptosis through Bcl-2 family proteins and reactive-oxygen-species-associated mitochondrial pathway of apoptosis 12 or by causing abnormal calcium release from the endoplasmic reticulum via excessive activation of inositol trisphosphate receptors. 14 No previous studies have described the impact of volatile anesthetics on anticancer therapy. The current in vitro study simulated the potential postoperative situation, in which anticancer drugs are administered after cancer surgery. Research suggests that caveolin proteins have a significant role in cancer biology [31] [32] [33] [34] ; however, a link among volatile anesthetic exposure, caveolin expression, and cancer cell response to chemotherapeutic agents has not been examined. Caveolins, structural proteins found in caveolae, serve as scaffolds and regulators of signaling proteins, including G-proteins. [35] [36] [37] [38] Cav-1 can regulate multiple cancer-associated cellular processes and function as a growth inhibitory protein. 33, 39, 40 In contrast, Cav-1 also promotes tumor growth in a variety of human cancer cell lines, 41 and its presence is a marker of poor prognosis in several human cancers. [42] [43] [44] The functional role of Cav-1 appears to be linked to tumor type, as well as the nature and potency of the apoptosis inducers used. 45 In cardiac ischemia-reperfusion injury, protection is mediated by inhibitory G-protein-coupled receptor stimulation. 19, 46, 47 Our pertussis toxin results suggest localization of inhibitory G-protein-coupled receptors and subsequent activation via anesthetics may be facilitated by Cav-1 to produce a protected state in cancer cells. Thus, Cav-1 may serve a role in stabilizing stress adaptation to TRAIL-induced apoptosis.
It has been hypothesized that cancer cells are able to survive stress by enhancing glycolysis during aerobic conditions, a mechanism known as the Warburg effect. 25 Cav-1 has also been shown to enhance membrane targeting of glycolytic enzymes by facilitating membrane compartmentalization. 48 Our findings suggest that Cav-1 overexpression increases glycolysis after isoflurane and TRAIL. Under the stress of TRAIL-induced apoptosis, Cav-1-expressing cells showed a glycolytic rate increased from basal but not different from isoflurane alone, suggesting an enhanced Warburg effect, which likely allows for the protection from apoptosis.
In noncancer cells we have shown that isoflurane increases the activation of cardiac protective proteins, such as sarcoma kinase. 18 In addition, brief isoflurane exposure to neurons has been shown to exhibit protection against subsequent ischemia/reperfusion injury. 15, 16 Moreover, volatile anesthetics exert biphasic cardiac protection, 49 -51 and we have also reported that the protection observed in the heart is caveolin-dependent. 18 -20 Collectively, these data implicate caveolins as an essential component in the temporal and spatial organization of cardiac-protective signaling molecules. In this regard, these data complement our findings in cancer cells, which show an association between Cav-1 ex-pression and survival against chemotherapy after isoflurane exposure.
Our findings should be interpreted within the constraints of potential limitations. HT29 cells are considered to contain a p53 mutant. Therefore, it was necessary to avoid commonly used chemotherapeutic drugs that use a p53-dependent induction of apoptosis. TRAIL is an anticancer agent that induces apoptosis via the intrinsic and extrinsic pathway, 52,53 independent of p53, and without causing toxicity to normal cells. 54 TRAIL currently is undergoing clinical trials as a treatment for certain cancers. 55 In summary, these results demonstrate that isoflurane exposure leads to resistance against TRAIL-induced apoptosis via Cav-1-dependent mechanisms. In addition, modulating Cav-1 expression alters the response to TRAIL-induced apoptosis after isoflurane exposure. Our results may have clinical relevance to patients undergoing surgical removal of cancers. Isoflurane inadvertently may decrease sensitivity to chemotherapeutic agents depending on the caveolin expression status of the cancer. The expression of Cav-1 may be a consideration in the anesthetic management of patients scheduled to undergo postoperative chemotherapy. Furthermore, manipulation of Cav-1 may be a unique way to enhance postanesthetic anticancer chemotherapy in certain cancers.
